[22] X

o M(s;T)

 MlsiT) ¢[-§-¢ M(s;T)-5] + > ®(¢-1)0°ds ]

y 05t <T

E,(m,) =
2~ —
Eo(m'r) exp( r -y B 4AC(a) )(t T) , t 27T
\
wher e = --1—41’2(M(0-T))2 e ¢
e ’ 0
Mbreover, in the case where T = 0, since Mt;T) = M and

Mt;T) = 0, the equation [22] reduces to:

[ 23] En[mt ] = m, exp (r —~v B%-4ac

(a)]t » £ 20

wher e my = _:_¢2(Mn)ze¢

0

On the other hand, if we let T » o, [22] reduces to:
[ 24] Eo[mt]=m0 exp(r e 4 B2—4A)t y t 20

o1 .2 1.2 ¢
wher e my, = ¢ (M )" 8,

Since Bz——/;; < /32—4Ac(a

environnental fees were delayed for ever, (T =), the expected

y , if the introduction of
mai nt enance expenditure pattern would be higher than in the case
where the firm is charged from the beginning of the planning
hori zon, More generally, under our assunptions, the expected
mai nt enance expenditure is positively correlated with T as shown

infig.2:
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fig.2 Optimal expected maintenance expediture pattern under

alternative time profile and (r < Bz- 4A )

3.2.2 Let us now turn to the relationship between T and total

expected environnmental damage. Total damage attributed to each

firmis unit of land is defined as foll ows:

{ 9¢¢ 0St<T

1/(1-a) 0 ¢

N t2T

(a)

Again by applying the Ité's Lemma it is possible to derive

the expected rate of variation of D,.. , and therefore:
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t

rDoxo exp ( J.otb[—i—-d’ M(s;T)—5] + %—¢(¢-1)02ds
' 0st«<T
[ 29] EO[ D'_x'_] =
/ 2
LEO(DTxT) exp(r -y B -4AC(8)](t-T) , £t 2T

In the case where T = 0, since Mt.;T) = M equation [25]

reduces to:

z—
[ 26] Eo[ Dtxt] = DX, exp( r —yY B —4AC )t , t 20

(a)

- 1/01-a) 5, ¢
wher e Doxo = (a) 90

On the other hand, if we let T » ®, [25] reduces to:
[27] Eo[Dtx‘] = D x, exp (r -y B®~4a )t , t 20

- ¢
wher e Doxo = eo

: : 2
Since, again , /B2—4A < /B —4AC _, the expected total

damage under T =» @ wll be higher than under T = 0. Mor e

generally, under our assunptions, the expected total danage wll

be positively correlated with T, as shown in fig.3.
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fig.3 Expected total damage pattern under

alternative time profile and (r < YBZ- 4A )

3.2.3 Finally let us consider the effect of wuncertainty about
future realizations of the soil quality paraneter € on nmintenance
expenditure, the firmis market value and environnental damage.

According to [14] and [20], naintenance expenditure is an
increasing function of M'' and Mt;T). This inplies that the
effect of wuncertainty on m can be analyzed by [|ooking at the
effect of' 0> on M”, for t2 T, and on Mt;T) for 0 £t < T.

From [13] and [19], it follows that if ¢ > 1 (0 < ¢ < 1) an
increase of o¢° leads to an increase (decrease) in M'' and in
Mt;T). In other words, hi gher volatility about future
realizations of soil quality may either lead to an increase or a

decrease in the nmintenance expenditure pattern depending on the
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paraneters «, B and v which nake up ¢.

Follow ng the sane line of reasoning, the sane results apply
to the firms market val ue.

The effect of uncertainty just described arises from the fact
that both the firms first and second stage instantaneous cash
flows, under optimal nmaintenance expenditure and x use, are convex
(concave) functions of € whenever ¢ > 1 (0 < ¢ < 1), As a result,
increased uncertainty tends to increase (decrease) the value of
future cash flows the firm expects to obtain from one unit of
land. This, in turn, fromthe firms point of view, is equivalent
to a reduction (increase) in marginal cost associated with the
deci si on of “i nmprovi ng” soi | quality t hr ough nmai nt enance
expendi ture, a, taking a slightly different per specti ve,
convexity (concavity) of the firmis profit function inplies that
the disadvantages of expected “bad news”, i.e. low future
realizations of 6, are nmore (less) than conpensated for by the
advant ages of “good news”, and, t he mar gi nal expect ed
profitability of maintenance expenditure increases (decreases).

Let us now analyze the action of uncertainty with regard to
the expected environnental danmage per unit of land. From [25],
[26] and [27], we obtain:

3 -

d Eo(Dtxt) >0 if ¢ > 1
do

<0 if 0 <o <1

In other words, if, as in fig.3, we assune total damage decreases
over tine, increased uncertainty may either reduce or increase the
expected rate of such decline, depending, again, on the value of

the technical paranmeters which make up ¢.
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4. THE AGENCY’ S OPTI MAL MANAGEMENT RULES AND THE CHO CE OF CPTI VAL
TI ME PROFI LE FOR ENVI RONVENTAL FEES

4.1 Before trying to characterize the choice of the optinmal tine

profile, let us take T as exogenously given and identify the
agency’s optimal nanagenent rules, in ternms of maintenance pattern
and x use.

W assume the agency wshes to neximze the followng
obj ective function:
T

[ 28] maX w(o,;T) = Eo{ J (Q(xtset)"mt"D(et)xt)e-rtdt +
0

®

+ J (Q(xt,et)-mt-D(et)x‘+ pD(Gt)xl]e‘rtdt }
T

I n other words:

- the agency is assumed to take care of environnental danages over

the entire planning horizon [0,®);

- the agency’s welfare function, which is assuned to be separable

in its argunents, includes the firms utility;

- the agency is assumed to receive a utility from collecting funds

t hrough environnmental fees, and the paraneter p (0 < p < 1) has to

be interpreted as the net “social” benefit of such collection
Adopting a procedure simlar to that undertaken in section 3

when dealing with the firms maximzation problem the agency’s

optimal variable input |level can be obtained:
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r
x _ 1/01-a) 5 (V+B)/ (1-a)
Xipye = (&) %, for 0 St < T
X% o 1/7(1-00) w4+ /7(1-a0)
[29] ) Xt - ( 1-p ) et for t 2T, p<op
x X - =
Xpre % for t2T, p2op

Moreover, since 0 < p <1, the follow ng inequality holds:

x X%

Xy S Xpyr ! for given 6 . By substituting [29] by [28], and

keeping [8], the agency’ s naxim zation problem reduces to:

[30]
T o
. ¢ _ -rt ¢ _ -rt
max W(GO,T) = EO{J [C(p)tet mt]e dt + J [c(me . mt]e dt}
0 T
= = (1= a/(1-a)
where C(p”- Ciay= 11 a)(a) <1
_ a a/(1-a)
Cipr2= (1= 575) <1
1 Lo
¢ = TPt T P
By adopting the sane procedure as in section 3, when dealing
wth the firms Il-stage nmaxi m zation, and assum ng the sane

restrictions about the paraneters &, vand ¢, the solution for the

agency’'s welfare value at |l-stage is:
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(311 w'le,) =n'le? for t 2 T

B — /B2—4AC(
P
2

wher e NII = n 12
1 .2
A= T‘P
B=r+ ¢5— —0(¢-1)0°

The agency’'s optinal mai ntenance expenditure rule then

becones:

2
[32] m, = Lo [N“ ] 0 ? for t 2T

which inplies that the stochastic differential equation [2] reduces to:

[33] a8, = [—;—cb N'! —'G]tht + 06 dz, for t 2T

W can now go on to |-stage nmaxim zation, on condition that
the agency’s welfare value at tine T coincides with the discounted
scrape value given by [31]. Again following the sane procedure

adopted in section 3, we obtain:
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[ 34] W(O, ,t;T) = N(t;T) 9;¢ for 0 S t <T

wher e:
11 1
N - N
1 2 2 _ —

N, —N, ( — : ) exp (/ B 4AC, , (T—t)
N - N,
N(t;T) = 11 1
N - N

1 - ( _ ] exp (Y B2— 4AC ,,)(T—t)
N - N‘

8 — / B2- 4AC,
pl1 N
2A !

2
. B+/B'—4AC(p)1
N, = 2A

. 11
It is easy to show that, when t = T, NT; T) = N . However,

unl i ke what was seen with regards to the firm in this case :

o N;
11 - <0
-— Nl
In other words, if the agency were able to decide tine

profile T, it would choose T = 0, because, according to the above
inequality its welfare is higher during the period when
environnental fees are charged than during the period when firms
are exenpt from taxation. Gbviously, since H increases with P,
the higher the net marginal “social” benefit of collecting taxes,
the higher is the agency’s welfare |0ss in noving away fromT = 0.

Moreover it is easy to obtain from[34]:

lim N(t;T) = N,
T =®

11
lim N(t;T) = N

T =0
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with Ni < NII, as shown in fig.4.

o
—~yr————

ia ]
.
[T}
.

-~

The agency’s optinmal maintenance expenditure policy in the

| -stage is described by:

2
[ 35] m, = ¢ [N(t;T)] . for 0SSt <T

whil st the stochastic differential equation [2] for € reduces to:

[ 36] det = [-%—¢ N(t;T)-9d ]tht + 0 8 dz, y, for 0 £t < T
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Notice that, by replacing Mt;T) by N(t;T), the same results

described in 3.2.1, 3.2.2, and 3.2.3 apply to the agency.

4.2 On the basis of the results proposed in the above sections,
we may now consider the problem of optimal choice of T, assumng
that this choice is undertaken by the same subject for whom in
section 4.1 the optimality conditions for mand x were derived.

In the following discussion it will be assuned that, as far
as nmanagenent decisions are concerned, only two strategies are
open to the firm adoption of its own optimality rules for x and m
(described in equations [6], [14] and [18]), or, alternatively,
the agency’s rules (equations [29], [32] and [35]).

Let us start by summarizing in fig.5 the results obtained in
section 3 concerning the relationship between T and the firnis
mar ket value (evaluated at the beginning of the planning horizon)
and those derived in section 4.1 concerning the relationship
between T and the agency’'s welfare value (evaluated at the

begi nning of the planning horizon).
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fig.5

From [3] and [28] it can be easily shown that the follow ng

identity holds:

[ 37] V(Oo,t=0;T) = W(Bo,t=0;T) +
T ®
+ E| { J [ D(Gt)xt]e-rtdt - J [p D(Gt)xt]e"tdt }
0 T

If the firm adopts the agency's optimal management rules,

according to [37], its market value, hereafter V’(GO;T), becones

equal to the agency’s optinal welfare value, described in fig.4
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plus the expected value of the difference between discounted
social damages in [O,T) and the agency's wutility derived from
taxation in {T,»), which are both evaluated under the agency’'s
optimal rules. On the other hand, if the agency “accepts” the
firmis managenent rules, according to [37] its welfare value,
hereafter Wa(eo;T), beconmes equal to the firms market val ue,
described in fig.1, mnus the expected value of the above
di fference evaluated, now, under the firms optimal rules.

Considering the agency’'s objective function, if it were able
to nonitor the firms actions, and if it wanted the firm to adopt
the optimal “social” rules, [29], [32] and [35], the best decision
woul d be non-postponenent of the introduction of environnental
fees. However, if the principal is wunable to carry out such
nmonitoring, he has to define an incentive which would induce the
agent to sel f - sel ect t he “socially” desired maintenance
expenditure pattern and x use. In our framework, this neans that
the agency has to identify a set of T values which ensure that the
firms market value under the agency’ s managenent rules is higher
than under its own rules: in this case the tinme lag granted to
firne assunes the neaning of a “premiuni they wll receive in
exchange for accepting the agency' s desired nmanagenent rules. The
probl em facing the agency consists of picking on, anong the set of
time profiles which satisfy such a property, the one providing the
hi ghest wel fare val ue, T*.

Notice, however, that T* may not be “sustainable” or even
optimal for the agency(&. In fact we can take a different

perspective and imagine that the firm “offers” the agency, in
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exchange for acceptance of its own rules, the “opportunity” of
setting a different tine profile, T**. If T is “sustainable”
and inplies a higher welfare value than the one associated wth
T, then the agency will find it profitable 6

To clarify the above statenents, let us start by spelling out
the firms reaction in terns of nmanagenent decisions to the
agency’ s announcenent of T. Since we assune the firmwll choose x
and m after this announcenent, its best reply function consists of

conparing its market value under its own optimal rules, v(eo;T),

with VP(OO;T) . That is:

[ 38] (X, = max [V(GO;T) , VP(6,;T) ] for given T

In other words, the firm will adopt its own optimal rules or the
agency’s ones depending on which, given T, brings the highest
mar ket val ue.

On the other hand, taking account of the “incentive
constraint” [38], the agency will define the optimal time profile
by looking at the value of T which nakes the welfare value

maxi mum Formal | y:

m?,x[ max (W(GO;T) ) Wa(eo;T) ) ]
[ 39]
s.t. [38]

In other words, the backward-induction logic requires that the
agency foresee that the firm will respond optimally to any tine

profile announced.
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To provide, through a diagrammatic form a solution for

t he

problem [39], let us prelimnary describe the form taken on by the

firms best reply as inplied by [38]. In this respect it is

possible to identify at |east four situations.

Case 1 If the followi ng inequalities hold:

/B2—4AC /BZ- AC(p > p(_a__)‘l/(i-a) 24

)2 1-p
/ B2 - 4AC

(p)1
)2

lN

17 (1-x) 2A

fBz—4Ac(
|

4A < x)

2
/B - 4AC(p” - B

)1

the firms market value under the agency’s optimal rules, VP

t ake, relative to V, the forms depicted in fig.6

appendi x B):

39
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fig.6

It is evident, in this case, that we can have two possible

sol utions for [38]

P
[ 40] Vmax =V , YT & (x,m) = (x(p), m(p))
or, p -
\Y . T < T1 &> (x,m) = (x(p), m(p))
[40"] Vaax =1V o TS T T, &2 Gm) = (x, m,)
vPo, T>T, € (x,m) = (x,, m,)

Wiether [40] or [40'] represent a solution for the incentive
constraint [38] depends on the shape of vP, which, in turn,

depends on the technical paranmeters related to the production
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function, damage function and nai ntenance technol ogy as well

the net “social” benefit of tax collection ,p.

Case 2 If the followi ng inequalities hold:
2 2 _ o 1/7¢1-a) 2A
/B 4AC 4" /B AC ), > PUT5) =
Y B —4AC(p)2
Y B2~ 4acC -YB%4a > (V0¥® 24

(pl1 /—2—_—
B --4AC(p),l

vP may take on, relative to V, the forns depicted in fig.7:

41
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In this case, the solution for [38] appears to be:

P

v, T<T, & (x,m)=(x_.,m_ )

v o, T>T, & (x,m) = (x,»m_,)

Case 3 If the follow ng inequalities hold:
/ B2-4ac,_ - / B2- ac < p( ==t 24
p)1 (p)2 1-p / >
B. ---4AC(p)2

/ B2 - 4ac -v B %4a < (/e 2A

(p)1 >
Y B —4AC
(p)

vP may take, relatively to V, the forms depicted in fig.8:

1
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fig.8

In this case, the solution for [38] appears to be:

[ 42] v - { v, T<T, & (x,m) = (x,,, m,)
max VP, T>T <« (x,m) = (x(p,, m(p))
Case 4 Finally, if the following inequalities hold:
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,/B2—4AC(p”- /Bz_ AC <p(_3__)1/(1-a) 2A

(p)2 1-p >
Y B —4AC(p)2

I\
|

/ B%- sac ;. -/ B 4 > (/1% 2A

1 /—————-—
2
B _4AC(P)

vP may take on, relative to V, the forms depicted in fig.9:

1

f£ig.9

In this case, the solution for [38] appears to be:

[43] Veax =V 0 VT e xam) = x )y me,,)
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To summarize, the solution to incentive constraint [38] may
give rise to a variety of situations, which range from the one
([43]) where, Wwhatever time lag is granted, the firm wll never
find it profitable to give up its own optimal rules, to the one
([40]) where the firm wll always find it profitable to
“internalize” t he agency’s rul es. There are i nternedi ate
situations where the choice of T may affect nanagenent decisions
by switching the firmis choice fromits ow rules to the agency’s
ones, and vice versa ([40'], [41], [42]).

On the grounds of these results, a characterization of sone
representative solutions for [39] nmay be obtained by overlaying on
fig.6-9 the corresponding agency’s welfare value evaluated under
its own rules (W and the firmis ones (W'). As shown above with
reference to the firmis nmarket” value under the agency’'s

rul es(x m(p)), the latter’s welfare value, evaluated under

(p)’
(X[ay m(a)), may take different shapes, depending, once again, on
the parameters of the technical relations considered and on p. As
a result, a great variety of solutions may be identified.
Hereafter, however, we shall nerely consider those thought to be
sufficiently representative.

Let us start by assuming that the inequalities considered in
case 1 hold. Even if W' nmay take different shapes, such
inequalities inply that as T tends to zero or infinite, w® becones
| ower than W (see appendix B), as shown in figs.10a and 10b where

al ternative shapes of vP ., picked fromfig.6, are also drawn.
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According to fig.1l0a the highest agency welfare value may be found
at T**. However since the firm will always find it profitable to
adopt (x(p), m(p)), this time profile is not sustainable. Anmong
the sustainable tine profiles, the best choice appears to be
non- post ponement of the introduction of environnental fees, i.e.

T = 0, On the other hand, if we find ourselves in the situation
descri bed by fig.10b, T** appears to be both a sustainable and
optimal incentive: therefore, by delaying the introduction of tax
paynment at date T* and allowing the firmto adopt its own optina

rul es, the agency reaches a higher welfare val ue.

If the inequalities considered in case 2 hold, W®

still
becones lower than Wwhen T tends to zero, whilst it can be either
hi gher or lower than Wwhen T tends to infinite. In figs.1lla and
11b two possible shapes of w® are drawn together with a possible

shape of vP pi cked fromfig.7.

ll}

|
|
l
!
T*0 T T
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fig.11b

In both situations, figs.1lla and 11b, the only sustainable tine
profile appears to be T = 0.

If the inequalities considered in case 3 hold, W® becones
lower than W when T tends to infinite, whilst it can be either
hi gher or lower than Wwhen T tends to zero. In figs.12a, 12b and
12c three possible shapes of w* are drawn together with a possible

shape of VP picked fromfig.8.
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Considering fig. 12a, both T *and T" are sustainable; however the
former, conbined with firms choice (x(a), m..,), provides the
agency with the highest welfare value. On the other hand, in
figs.12b and 12c the agency would reach the highest welfare val ue
by non-postponenent of the introduction of fees (i.e(*)= 0),
whi ch however is not sustainable: in both situations T and T are
sustai nable but the former is the best choice for fig.12b, whil st
the latter is best for fig.12c. Wilst in the situation depicted

in fig.12b the agency finds it convenient to allow the firm to
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adoptits own rules in exchange for a *“short” period of tax
exenption, in fig.12c the agency finds it profitable to induce
acceptance of the “socially” optiml nmanagenment rules through a
wi der period of exenption from paynents,

Finally, if the inequalities considered in case 4 hold, W®
can be either higher or lower than W when T tends to zero and

infinite. Again, in fig.13a, fig.13b two possible shapes of wW® are

drawn together with a possible shape of VP picked fromfig.9,

fig.13a
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The situation described in fig. 12a nmay be regarded as symmetri cal
with respect to the one depicted in fig. 10a: the agency would
achieve its highest welfare val ue at T = O, i.e. when no tine |ag
is allowed and the firm adopts as managenent rules (x(p), m(p)),

However, since the firm wll never find it profitable to give up

its optinal rul es, this tinme profile is not sustainable,

therefore, the agency has to look for a T™* which nakes it better

of f under (x(a), m.,). Even in the situation depicted in fig.13b
the firm will never find it profitable to adopt (x(p), m(p)).
Nevertheless , in this case, the agency’'s best choice would be to

i ntroduce environnental fees from the beginning of the planning
* %

period, i.e. T = 0, since, by doing so, it would achieve a

hi gher wel fare val ue.
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5. FI NAL REMARKS

The basic aim of the paper was to enhance the results
provided in other contributions on NPP control wth further
insights concerning the role of policy instruments in influencing
suspect ed pol | uters’ producti ve decisions as well as t he
allocative properties of alternative regul atory schenes

In particular we have concentrated on the application of what
has been ternmed an “indirect approach”, focusing on two issues
whi ch, as far as we know, have received little attention. Firstly,
we have tried to deal formally with the possibility that the
production site’'s physical characteristics (the firms “typol ogy”)
may vary over time because of non-nonitorable actions taken by
suspected polluters in conditions of wuncertainty regarding the
performance of the actions thenselves. Secondly, we accounted for
the possibility that the |egislator mght consider the opportunity
of delaying the introduction of managenent practice incentives.

Non-nmonitorability of t he firms’ managenent practices
provides the agency with the rationale for selecting the tine
profile at the beginning of the planning period. Mor eover,
according to our findings, the decision of del aying the
i ntroduction of “environnental fees” may, under certain conditions
constitute an optinmal decision from the agency' s point of view

The analysis proposed in the above pages is undoubtedly
conditional on a nunber of assunptions introduced in the paper.
These assunptions concern the availability of information

regardi ng mai ntenance technology, the “fornf of wuncertainty, the
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general structure of the technical relationships which nmake up the
nodel, and the objective functions assigned to the hypothetical
actors.

As far as the nmaintenance technology is concerned, we have
assuned that the firn(s) and the agency share the sane information
as well as the sane uncertainty about future realization of the
soil quality index. The rationale behind this assunption is that,
even if at sonme point in tinme the firns are unaware of the
mai nt enance technology, the informational gap could be elimnated
by the agency by transmtting all the technical information it
possesses before setting the regulatory schene. Furthernore, if
the performance of nmmintenance decisions is believed to be
affected by on-going exogenous shocks, the agency mght also
include the probability distribution of such shocks in the

“i nformati onal package”.

Turning to the form of uncertainty, it has been assuned that
future realizations of the soil quality index wll always be
uncertain, wth a variance which grows linearly with the tine

hori zon. Cbviously, this may not always be the case, and the
plausibility of nodeling the wuncertainty along the lines of a
Brownian notion process has to be assessed on a case by case
basi s.

Anal ogous considerations apply to the assunptions concerning
the general structure of the technical relationships introduced in
the paper. Mreover, since we deliberately tried to keep the
analysis as nore general as possible, rather than straightforward
conclusions a nmenu of possible results has been proposed, each of

whi ch depends on the values taken by the paraneters appearing in
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the nodel. It follows that to nove a step forward with respect to
a nmerely theoretical analysis would require not only careful
assessnent of the plausibility of the assunptions concerning the
general structure of the technical relationships, but also, a nore
preci se specification of the values taken on by all the relevant
par anet ers.

The set of relevant paraneters includes not only those
characterizing the technical relationships, but also the net
“social” benefit of raising funds through taxation and the rate of
di scount.

The fornmer was introduced to take account of the possibility
that the social planner mght receive a utility from taxation as
such. In this case, environnmental charges not only play the role
of i nstrunent for reducing the pressure exerted upon the
environment by private economc activities, but are also regarded
as nmeans for collecting additional tax revenues. This double role
gives rise to a sort of trade-off between environmental quality
i nprovenents and increased tax revenues. Depending on the relative
weight attached to these two conflicting objectives, different
optimal time profiles may arise. Again, the plausibility of
assunmi ng the existence, from the agency’ s point of view, of such a
trade-of f should be assessed on a case by case basis, but, in our
view, it should not be discarded a priori.

As far as the second relevant “non technical” paraneter, the
discount rate, is concerned, it should be noted that we have
assuned that the social planner and private agents share the sane
intertenporal preferences. Since this assunption nay appear to be

somewhat questionable, an interesting extension of the basic
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framework we devel oped consists of exploring the inplications of
different discount rates in terns of managenent practice decisions
as well as in terns of optinmal choice of the time profile for
envi ronnment al char ges.

Further extensions include analysis of the inplications on
policy design, of abandoning the hypothesis of i dentica
availability of information concerning the initial status of the
production site’'s physical characteristics which are believed to
affect the extent of pollutant emssions at field level. Wilst
assum ng t he exi stence of uni nf or med agent s shoul d not
significantly nodify our basic framework, in that its main
inplication is that the firmis reply function has to be defined in
terms of expected value according to the probability distribution
of 8, the case of an uninforned principal would nake the structure
of the ganme nuch nore conplex from an analytical point of view In
this case, the analytical franework wll take on the form of a
true Principal -Agent nodel, where incentives take on the sense of
instrunents to extract information from private agents about their

initial “typol ogy”.
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FOOTNOTES

(1) For a discussion of (Itd’s) diffusion processes and stochastic
differential equations see, for exanple, Arnold (1974) and Karlin
and Taylor (1981). For economic applications of stochastic
cal cul us techniques used throughout the paper, see Mlliaris and
Brock (1982).

(2) Although w is set equal to zero for technical reasons, it is
not so inplausible to inmgine situations where the price of
(potentially) polluting inputs is, relatively speaking, very |ow
or even zero. Exanples are nitrogen fertilizers in EEC Countries
or nutrients contained in slurry available for farnms with m xed
crop-livestock production.

(3) In formulating these restrictions we are indebted to the work
of Vorst (1987) and Moretto (1991). Notice that & = — is just in
the mddle of the domain of & and by this restriction we find that
the Hami|ton-Jacobi-Bellaman equation [11] has only quadratic or

. . 1 . . . .
linear terns in Veﬂl The second restriction is for technical

reasons.

(4) Restriction y = -%'¢, introduced in the context of |I-stage
maxi m zation, together with ¥ = -%—w inplies ¢ = ¢. Thus, our
assunptions inply that the shapes of the firnmis cash flow
function, gross of maintenance expenditure, at |-stage, and of the
firms cash flow function, gross of m at I|l-stage, are the sanme

and differ only by a constant.

(5 In the context of the present paper the term “sustainable”
time profile refers to a T € [0,®) which, conditionally on
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. . ] 1
V(8,3T) > V(8,;T")
or
P <P

VP8 _5T) > VP(8,;T")
\ o’ 0!

makes the agency better off, that is:

a a

WO (8 3T) > W (8 ;T")
or

W(8,;T) > W(6 ;T’)

(6) T and T"* indicate the sustainable tine profiles which nake

the agency better off under its own optimal rules and under the
firms optimal ones, respectively.
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APPENDI X A

Thi s appendi x contains a general procedure to find a solution
of the control problems presented in the text.

Let F(et,t) be the maxi mum of the “val ue function” (market
value for the firm welfare value for the agency) at tine t. If
this function is differentiable, then F(Gt,t) has to be a solution

of the follow ng dynam c programing equati on:

(A1) - Ft + rF = max [ ( C 9t¢ - m ] + [ mf o ¥-5 ]6t Fe

1 2 .2
2o 8 Fee]
wher e F., Fg and Fee are partial derivatives of Fwth respect to
the time and 6.
From the equation (Al) we are able to sumup both the firm
11

optimization at the second stage when F = V' °, F = 0 and

C Cioys and at the first stage when F =V, C=1 with the
appropriate termnal condition at tine T,respectively. Besides

setting F = ﬁ',w‘ =0and C=C we obtain the agency’s

(p)2
optim zation at the first stage, and, setting F =W C = C(p)1
and the terminal condition at time T, the agency' s optimzation at
the second stage.
Equation (Al) is known as the Ham |ton-Jacobi - Bel | man
equation of the stochastic version of the optimal control theory.
Differentiating the right-hand side of (Al) with respect to
m we get:

1/¢1-€)
(R) = = [& Fg e:"]
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Substituting (A2) into A(l) the latter becones:

noa¥ 1-E 1 2.2
(A3) —F, +rF=C8O 66tF9+( 3 ) m 4 zoetFGG

Equations (A3) together with (A2) can be expressed as a
nonl i near second-order partial differential equation of parabolic
type in F, which is solvable under some restrictions on the
paraneters of marginal productivity of soil quality and of
mai nt enance technol ogy.

Let us start with optimzation at the first stage. Assunmi ng

£E= = and v = —_,'- ¢ the Bellman equation (A3) reduces to:
¢ 1 ,2-¢ 2 1 2 .2 _
(A4) F, ~ rF+C6 " -806Fg+ 6 " Fgt 50 6 Fgg=0

with the boundary conditions:

F(6,;T) S GT¢ . §> 0 and const ant

F(O ;t) =0

where 8 stands for the scrape level of the value function at the
termnal tine T.
A functional form candidate for a solution of this partial

differential equation is:
(45) F(6,,t;T) = s(t;1) 0%

Taking the partial derivatives of (A5 wth respect to t and

6 yields:

(A6.1) F, = s'(t;7) 6°
-1
(A6.2) Fg=00F

(A6.3)  Fgg = #(¢=1) 672 F

Then the partial differential equation (A4) reduces to the

ordinary differential equation:
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(A7) 8°(£;T) = = —¢% 8%(4;T)+ (r + 8b= = G(d—1)0")S(£;T) - C

wi th boundary condition

S(T;T) =8

Setting A = -:—4’2 and B = (r+6¢ - -%-tb(‘b— 1)02) t he ordinary

differential equation (A7) can be rewitten as:

(A8) S = - As’+BS -C

(A8) is a Ricatti differential equation, which can be solved

by separation of variables. The solution is:

(2) (2)

- 'YK expla(s'? -5
— sk expla(s‘? —5'2)

)t ]
)t ]

(A9)  s(t) =

where the constant K is determned by the boundary condition (A7),
and S(l) and S(Z) are the solution of the second-order

characteristic equation of the r.h.s of (A8), that is:

(a0) sV = [B-—/ B2-4AC]
s = = [B+ Y B2-4AC]

In order for the value F to be positive, at |east one of the

two constants in (AlO) nust be positive. Under the hypothesis

B°- 4A >0, it follows, from the signs of (A10), that

0 ¢« sM¢ 52,
Now i nposing the boundary condition (A7) to evaluate the

constant K, we get:



= (2)
s‘z’-—s“’[—f——‘iﬁ-}-) exp[/ B% - 4AC ](T—t)
S —-S
(A11) S(t;T) =
- (2)
1 - (-?———S-(-i—)) exp(y’ B2—4AC](T—t)
S -S

It easy to check, from (All), that S(” is a locally
asynptotically stable I evel of nmaximal expected di scounted val ue
if we let the horizon time T approach to infinite. In other words,
letting T tend to infinite, the scrape value disappears and the
r oot S(” I's necessary and sufficient for the value function F
I.e. the expected discounted flow of profit, to converge.

Finally the optinal expected value function can be witten as
(A5) with S(t;T) given by (All).

Consi dering now the maxim zation at the second stage it is
i mrediate to note that, since the horizon goes fromT to infinite,
it becomes tine honogeneous? i.e. the scrape value is equal to
zero and F, = 0. The (A8) is no longer a differential equation
but only a second-order characteristic equation in S, which gives
two distinct roots as in (A10), Recalling that only 8(1)guarantees
the existence of F, the optinal expected value function will be
as in (A5) with S(t;T) constant and equal to g’

Finally, it should be noted that with a stochastic
differential equation such as [2] in the text, with f(m,0) given
by [81, there night be a positive probability that the process
{98} becones zero (negative) or even infinite. On this matter
Vorst (1987) and Mretto (1991) showed that under the optinal
mai nt enance policy this probability is zero for the cases under
analysis. In other words, the left boundary (zero) and the right
boundary (infinite) are not attracting for the process {6}, at
least in a finite expected tinme. In the rest of the paper we refer

to this result in guaranteeing the necessary and sufficient
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conditions for the firms value function [3], and the agency’'s

wel fare function [27] to exist (i.e. to be bounded).

APPENDI X B

Fromidentity [37], if the r.h.s. is evaluated under the
agency’ s nmanagenent optinmal rules, we get, at the beginning of the

pl anni ng peri od:

-
8

(B1) VP(B;T) = W(B_;T) + EG{ J[ D, x

(=]
-]

wher e {Gt] evol ves according to [36] in [0, T) and to [33] in
(T,»).

Since, as indicated in the text the following limts hold:

lim N(£;T) = N}
T->®
. 11
lim N(t;T) = N
T-0
it is possible to verify that, if T = O:
s Y]
FTman P/ m_n\y ull n ¢ -_— f r ~n -.** ‘-rt.ﬂb 1
\bs) v \Uo,l-ul = Yo no 1] putx(p)te ut.f
o
2
NI B-/ B —4AC ), (& )1/(1-00 1 ]a ¢
= [ ZA 1-p = 0
/B -IIAC(M2

whilst, if T=®:
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Pia imeey — 1 o @ * -rt '
(B3) vP(8,;T=0) = N 6" +E, { J DyX )8 | dt }:

B—/BZ—M\C()1 1/(1-a) 1 ¢
= B + (a) eo

ZA
/ B% - aac
(p

)1

Equations (B2) and (B3) allow us to exanmi ne the trends of
(Bl) when T tends to zero or infinite. Recalling that

v(6,;T) = M(0;m6 ®, if T = o

p . - > . -
V'(6,;T=0) < V(8,;T=0)

>

1/(1-a)
- z. b < 2A
v/B 4AC(p < pf 1_p)

)2 >
/B - 4AC
(p

2
)2

whilst if T = o; '

Pio - 2 7=
VP(6,;T=0) < V(6;T=m)

-

1/(1-a)
- /Bz-4AC 5 (x) —2A

2
v/B —4AC(p

2
/B —4Ac(p“

)1

Since ¢ =C
(a

) (1’ by conbining the above inequalities, we get

the four situations described in the text.
To anal yze the behavior of (Bl) in the interval [0,®) we can
take the first and second derivative with respect to T. The first

derivative yields:

dvP _ aw -rT X%
(B4) ar = dar t ¢ (1+P) Eo[Dr x(p)'l']
. dw * . L . .
Since ar ¢ 0, and EO[DTx:p)T] is positive, the sign of (B4) is

not determned a priori. Mreover, notice that (B4) describes the
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“trade-of f” between the firms nmarginal |oss when T increases,
eval uated according to the agency welfare function, and the
expected marginal benefit the firmwll receive, in terns of
reduced tax payments, when the introduction of fees is delayed.

Taking the second derivative we obtain:

d(D x X
2. p 2 _ -rT T (p)T
W T *x%x r — 1T T
() ¥ =8 e (1+p)E0[DT x(m] te (1+p)Eo[ T ]
dT dT
wher e:

2
2 (/ B*=4aag |, )T dw :
+ K pl)1 2_ =L
dWw__ 1t Ke / B°-4ng,,, 7 >0

2
dT z_
L gl BE-ag, T
1 1 z_ z_
" N - Nz . /B 4'“29)1 + /B 4A?P)z .
= a1 1 :
NT- N z_ [z
1 y/B 4A?p)1 /; 4A?p)z
d(D.x " .) T
*1y |tz dN(t5T) o /2 [ xx ]
Eo[ dT ] -{r Ioz ¢° g —dt—7 B 4G, 1B (Dr X(py1

The |ast expression is derived from [241 substituting N(t;T)
instead of Mt;T). Considering that Jﬂ%ﬁ?ﬂﬂ_ <0, it iseasy to
check that as T tends to zero the second derivative can be
positive, whilst as T tends to infinite, it becomes negative. In
ot her words, depending on the value assunmed by the technical

par amet er s v? may be downward sl oping and convex when T is close

to zero and upward sloping and concave as T increases, wWth a
P
m ni mum gi ven by-%%— = 0, as shown in the text.
In the sane way, from[37] we can obtain the welfare

function eval uated under the firms rules
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tX a1 €
~0 "T 4

T Y
(B6) wa(GO;T) = V(GO;T) -Eo{ J Dtxta)te-rtdt __I oD x** -rtdt}

wher e {6} evol ves according to [21] in [0, T) and to [15] in
(T,®).

Again taking account of the following lints:
I

lim M(t;T) = M,
T->®©

. 11
lim M(t;T) = M
T=0

it is possible to verify that, if T = 0:

0
B7) w0 ;1=0) = M'' 0% Eo{ [pD - "‘tdt\}

o} o tXcare®
\ "0
[ B-/B°-aac,,, Va0 ] e
= l = +pl @) 7= Jeo
B -4AC(a)

hilst, if T=o®:

0
B—y BZ-4A ) ¢
- 2A - = |%
- Y B°-4a

Equations (B7) and (B8) allow us to exam ne the trends of
(B6) when T tends to zero or infinite. Recalling that

- no-T)6 ¢ i - 0
(8,;T) = N(O;T)8 %, if T =0:
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w’(eo;T=0) 2 W(68,;T=0)

PN
!

_ o 1/(1-a) 9A

nl o~ )
Lo Wl |

(pl2 >
Y B = 4AC
(a

)

VA

w"(eo;Tm) 2 W(6,;T=0)

L

fBZ-—4AC(a) - / B%-4a : 2
Y B®-4aA

Moreover, since:

1/(1-a) 1/(1-2)
pl5) 2A > pla) 24
/ 8% - anc .Y B®-4aC
v (p)2 Y (a)
ALY 24
(a) ¢ ——EA

Y Bz—4AC(a) Y B®-4a

Confronting the above inequalities with those of vPoand Vv, we get
the four cases shown in figs. 9-12.

Finally, to analyze the behavior of (B6) within the interval
[0.®) we take the first and second derivative with respect to T.

The first vyields:

dw® dv -rT *%
(B) 4T arT =~ (14p) EO(D.r x(a)'l']

dv_ [D xx
Since dT > 0, and E) Tlx(‘a-)’T is positive, the sign of (B9) is

not determned a priori. The first termon the r.h.s. represents
the agency’s marginal gain when T increases, evaluated according

to the firms value function. The second term in turn, is the
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expected marginal loss the agency will incur, in terns of reduced
tax paynents, when the introduction of fees is delayed

Taki ng the second derivative we obtain:

2 x X

2 a d(D_x
Blo) 4 ¥ _dV -rT *xx _,-rT T (a)T
(B10) 0 a? + re  T(4P)E Dy x [\ | —e T (14p)Ey | —— 22T

wher e

2 « B2-4ac. . )T
d’v 1+ K? (a)
> = e 2 /Bz—4AC(‘) av 0

dT 2 dT
1- K’e(//B —4AC , T

I1I 1
M- M, Y, B2—4AC(a) + / B%-4a
. - >
Y B%-4a - v B%-4ac
(a)

1

d(D_x . ) T
T (a)T 1,2 dM(£;T) /f_E_'-_" *

E | —m———v]| =lp=-] — - - *
o[ dT ] r Ioz ¢ —grdt—v B -dag ]EO(DT x(a)T]
where the last expression is derived from][24]. Considering that
5H%ﬁ§13- >0, it is easy to check that as T tends to zero the
second derivative can be negative, whilst as T tends to infinite,

it becomes positive. In other words, depending on the value

assuned by the technical parameters, W may be upward sloping and
concave when T is close to zero and downward sloping and convex
a

. . : . W .
as T increases, with a maximm given by ‘gf- = 0, as shown in the

text.
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